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We investigated how responses of occipital cortex to visual stimuli are modulated by simultaneously pre-
sented tactile stimuli. Magnetoencephalography was recorded while subjects performed a simple reac-
tion time task. Presence of a task-irrelevant tactile stimulus leads to faster behavioral responses and
earlier and stronger gamma-band synchronization in occipital cortex, irrespective of the relative location
of the tactile stimulus. While also other stimulus related responses in occipital cortex were modulated
(alpha-band and evoked responses in parieto-occipital region), correlation-analysis revealed induced
gamma-band activity to be the best predictor of the faster behavioral response latencies, suggesting a
key-role of oscillatory activity for cross-modal integration.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
A prominent feature of the brain’s response to sensory stimula-
tion is the emergence of synchronized oscillatory activity espe-
cially in early sensory areas. The role of this synchronized
activity for information processing has received a great deal of
attention during the last decades. Empirical studies and theoretical
models have suggested a functional role of these oscillations for
bottom–up sensory processing (Frien & Eckhorn, 2000; Fried-
man-Hill, Maldonado, & Gray, 2000), top–down modulation of sen-
sory representations (Gruber, Müller, Keil, & Elbert, 1999; Fries,
Reynolds, Rorie, & Desimone, 2001; Bichot, Rossi, & Desimone,
2005; Buschman & Miller, 2007; Taylor, Mandon, Freiwald, &
Kreiter, 2005) and the encoding of relations between different
stimulus representations (e.g. Gray, König, Engel, & Singer, 1989;
Rose & Buchel, 2005). Many events in our environment stimulate
multiple sensory modalities simultaneously and in recent years,
evidence has accumulated for direct anatomical links between cor-
tical areas ascribed to different modalities. This applies even to
those areas reﬂecting the earliest levels in the sensory hierarchy
(Falchier, Clavagnier, Barone, & Kennedy, 2002; Rockland & Ojima,
2003). While several studies have shown that presentation of stim-
uli may alter neuronal activity even in primary sensory areas ofll rights reserved.
es).other modalities (Amedi, Jacobson, Hendler, Malach, & Zohary,
2002; Kayser, Petkov, Augath, & Logothetis, 2005; Schroeder &
Foxe, 2002; Zangaladze, Epstein, Grafton, & Sathian, 1999), still rel-
atively little is known about the inﬂuence of heteromodal stimula-
tion on synchronized oscillatory activity (but see e.g. Lakatos, Chen,
O’Connell, Mills, & Schroeder, 2007).
From psychophysical studies, it is well-known that integration
of information across sensory modalities occurs and is often ben-
eﬁcial for adaptive behavior. For example, subjects are faster in
detecting the onset of stimuli when these are presented multim-
odally (Murray et al., 2005; Teder-Sälejärvi, Di Russo, McDonald,
& Hillyard, 2005), and judgements about certain properties of
these objects may be more accurate when perceived through
more than one modality (Ernst & Banks, 2002). Speciﬁcally, the
human brain seems to be capable to weight and integrate infor-
mation provided by different modalities even in a statistically
optimal fashion (van Beers, Sittig, & Gon, 1999; Ernst & Banks,
2002).
This study was designed to address the question whether tactile
stimulation modulates oscillatory activity in sensory areas and
whether this leads to facilitated processing of stimulus informa-
tion. Macaluso, Frith, and Driver (2000 and 2002) have reported
an enhancement of the visual BOLD response in contralateral
extrastriate visual cortex by a spatially congruent tactile stimulus.
We designed an experiment that closely followed their design to
investigate the electrophysiology of this cross-modal integration
effect.
932 M. Bauer et al. / Vision Research 49 (2009) 931–9422. Experimental procedures
2.1. Subjects
The data from seven adult volunteers (three males, four fe-
males, mean age 24.6 years, stdev. 2.9) were measured. One sub-
ject needed to be excluded from the analysis since the response
latencies were not recorded accurately. All subjects provided writ-
ten consent according to institutional guidelines of the local ethics
committee (CMO region Arnhem-Nijmegen, Netherlands), reported
to be free of mental and neurological illness and were right
handed.
2.2. Stimuli
Visual stimuli were checkerboard stimuli approximately 1.5 of
visual angle in diameter and were presented at 7 of eccentricity to
the lower left or to the lower right from the ﬁxation point. Stimuli
were backprojected on two apertures of a wooden plate (which
also carried the tactile stimulator) by an LCD projector placed out-
side of the magnetically shielded room (MSR). For tactile stimula-
tion, we used piezoelectrical Braille stimulators (for detailed
description see Bauer, Oostenveld, Peeters, & Fries, 2006). Two tac-
tile stimulators were mounted directly beneath the apertures for
visual stimulation, i.e. the tactile stimulated ﬁnger area was
approximately 0.5 cm separated from the visual stimulation area.
The right index ﬁnger was placed on either the right or the left
Braille stimulator.
2.3. Task
The task was a simple reaction time task. Subjects were in-
structed to press a button with their left index ﬁnger as soon as
they detected the onset of the visual checkerboard stimulus. Sub-
jects were asked to respond as fast as possible, but to avoid antic-
ipatory responses. Each trial started with the presentation of the
ﬁxation cross, which remained on screen throughout the rest of
the trial. After a variable baseline period of 300–1500 ms, a visual
stimulus was presented randomly either to the left or right side of
ﬁxation. In a random subset of 50% of all trials, the visual stimulus
was accompanied by a tactile stimulus that was always applied to
the right index ﬁnger by raising all eight pins of the stimulator. In
separate blocks of trials, the right index ﬁnger rested either on the
right or the left Braille stimulator. Visual and tactile stimuli were
elevated for 300 ms and were stationary during that time (no ﬂick-
er or ﬂutter stimulus).
This design thereby varied the spatial congruency of visual and
tactile stimulation while keeping physical stimulation in somato-
topic and retinotopic space constant: with the ﬁnger being at
either the same or at a different position as the visual stimulus,
spatial congruency in external space is manipulated, while the
same receptors are stimulated.
2.4. Procedure
In order to facilitate mapping of the somatosensory cortex, be-
fore and after the actual experiment, a set of 200 tactile stimuli
were presented to the right index ﬁnger (in absence of visual stim-
uli). Throughout the recording session, auditory white noise was
presented to the subjects through pneumatic earphones in order
to mask the sound generated by the Braille cells – such that sub-
jects could not detect the switching of the tactile stimulators any-
more. The recording session consisted of 30 blocks of 40 trials each,
resulting in approximately 1 h of recording time. After the record-
ing session, structural MRIs of each individual subject were madeon a 1.5 T SIEMENS Sonata scanner (Siemens, Erlangen, Germany)
using a standard T1 weighted sequence in order to enable recon-
struction of each subject’s head shape for the later described inter-
polation and source reconstruction procedures.
2.5. MEG recordings
Neuromagnetic activity was recorded using the whole-head 151
channel axial-gradiometer MEG system (CTF Systems, Canada) at
the F.C. Donders Centre for Cognitive Neuroimaging. In addition,
the electrocardiogram and electrooculogram were recorded. The
subject’s head position relative to the MEG sensors was measured
with three magnetic coils. MEG data were low-pass ﬁltered at
300 Hz and sampled continuously at a rate of 1200 Hz.
2.6. Data analysis
Data were analyzed using the Fieldtrip software package
(http://www.ru.nl/fcdonders/ﬁeldtrip/), a MATLAB-based toolbox
for the analysis of electrophysiological data that has been devel-
oped by our group.
Data were artifact corrected and the line noise was removed
using a narrow-band notch ﬁlter (bandwidth 0.1 Hz). For details
of this, we would like to refer the reader to our previous publica-
tion (Bauer et al., 2006). The artifact- and response-free data were
interpolated to a common sensor array template using a mini-
mum-norm projection method (Knösche, 2002). Subsequently, pla-
nar gradients of the MEG ﬁeld distribution were calculated using a
nearest neighbor method comparable to the method described by
Bastiaansen and Knösche (2000).
2.6.1. Evoked ﬁelds
Artifact-free data were ﬁrst averaged, baseline-corrected (base-
line interval was from 100 to 0 ms before stimulus onset),
realigned and then planar gradients were calculated. The signal-
to-noise-ratio was high and therefore no band-pass ﬁlter was ap-
plied. In order to assess statistical difference, a samplewise t-test
for dependent samples was calculated, across subjects, for each
time-point between the conditions of interest.
2.6.2. Spectral analysis
Prior to spectral analysis, the evoked ﬁeld was removed from
individual trials (in the original axial-gradiometer representation,
non-realigned), by subtraction of the respective time series. This
was done to remove stimulus-phase-locked components from the
time–frequency-representation. This minimizes ambiguities about
the nature of particularly short-lived time–frequency-components,
whether they truly reﬂect intrinsically generated synchronization
phenomena or are simply the frequency-domain representation
of (short-lived) transient responses. Two frequency ranges were
analyzed separately with different window lengths and different
taper functions. The lower frequency band from 5 to 45 Hz was
analyzed with a window length of 200 ms and using a Hanning ta-
per. The higher frequency band from 30 to 150 Hz was analyzed
with a window length of 100 ms and a spectral concentration of
±20 Hz using multitapers. The different tapering techniques for
high and low frequencies were chosen in order to adapt frequency
analysis to the speciﬁc characteristics of the underlying signals:
high-frequency oscillations (above 30 Hz) with short period
lengths and small amplitudes typically have a relatively broad
spectral distribution and are more easily masked by the sensor
noise. Therefore, the multitaper technique was chosen, because it
allows to trade spectral resolution for reduced variance and opti-
mally concentrates signal energy in a frequency-range of interest,
while minimizing spectral leakage (Mitra & Pesaran, 1999).
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vertical planar gradients and the resultant vector length of both
was computed to obtain the power at that sensor location irrespec-
tive of the orientation of the gradient. The variance of the power in
each time–frequency bin was estimated using a jackknife proce-
dure. Subsequently, t-statistics were calculated for the comparison
of all time-bins with a mean baseline period (effective time win-
dow –400 to 100 ms), separately for each frequency bin. The
resulting t-values were transformed into z-scores, averaged over
local sensor groups and pooled across subjects.
Those ﬁxed-effect time–frequency z-images showed clear spec-
tro-temporal components and allowed the deﬁnition of time–fre-
quency windows of interest. To test the statistical signiﬁcance of
these effects on the population level, the average power in the
time–frequency window of interest was calculated for each subject
and condition and the signiﬁcance of the difference between con-
ditions was assessed using a t-test for dependent samples, across
subjects.
2.6.3. Source analysis
For the reconstruction of the neuronal sources of the early com-
ponents of the visual evoked ﬁeld, we used an adaptive spatial ﬁl-
tering technique (Van Veen, van Drongelen, Yuchtman, & Suzuki,
1997). Each subject’s brain volume was divided into a regular
5 mm grid and for each grid location, a spatial ﬁlter based on the
leadﬁeld- and the sensor-covariance-matrix was constructed. For
details concerning the construction of the forward model, we
would like to refer the reader to our previous publication (Bauer
et al., 2006), employing the same approach. To capture the effect
of interest, a time-window (for covariance-calculation) was speci-
ﬁed for all subjects, based on the time-course of the evoked ﬁeld. A
window of the same length was also placed into the baseline per-
iod. For each subject, the log-ratio of power during the post-stim-
ulus window and the prestimulus-window was calculated. This
metric has the advantage that it accounts for the naturally in-
creased source power estimate at deeper brain locations (due to
their further distance to the MEG-sensors), while being a linear
function of the difference between the two time-intervals, allowing
for meaningful summation across subjects.
Using SPM2 (http://www.ﬁl.ion.ucl.ac.uk/spm), the individual
anatomical MRIs and the corresponding log-ratio-maps were spa-
tially normalized toward the International Consortium for Brain
Mapping template (Montreal Neurological Institute, Montreal,
Quebec, Canada). Individual spatially normalized functional maps
were subsequently averaged.
2.6.4. Correlation of physiological measures with behavioral data
In order to identify those components of the sensory response
that showed the highest prediction for performance of the task, the
trials of eachexperimental conditionandeachsubjectwereﬁrst split
into two classes: slow trials and fast trials, according to individual
reaction times (median split). The trials were aggregated into two
groups or conditions, one ‘‘visual” condition, containing those trials
where only a visual stimuluswas presented, and one ‘‘visuo-tactile”
condition, containing those where both a visual and a tactile stimu-
lus was presented. A dependent samples t-test across subjects was
then calculated for the whole data-matrices (spatio-temporal and
spatio–spectro-temporal). From this test – revealing those stimula-
tion effects, that differed signiﬁcantly between fast and slow trials –
time–frequency-sensor and time-sensor windows were deﬁned
according to those clusters that showed amaximal difference. Aver-
aging over preselectedwindows of time and space (sensors) or time,
frequency and space, leads to an improvement of the signal-to-
noise-ratio, allowing a closer investigation of the relation between
physiological measures and response latency on a trial-by-trial ba-
sis. The individual trial data were averaged over time and sensorsfor time-domain analysis data and the square root of thepowerspec-
trum (since power is a squared amplitude measure) was averaged
over the respective time–frequency-space windows for the fre-
quency-domain. The so obtained scalar representations (one value
per trial, representing the average in the speciﬁedwindow) of single
trial neural responses were then z-transformed (over all trials from
one condition, visual or visuo-tactile, from one subjects) to nivellate
intersubject differences inmean and variance of the respectivemea-
sures. This was done since overall amplitude, and hence also mean
and variance, of the MEG signal can greatly differ between subjects
(for instance because the amplitude of the MEG signal depends
strongly on the distance of the head from the sensor array, which
is not ﬁxed inMEG). To further suppress noise unrelated to the stim-
ulus response, we binned the trials of (each condition separately) in
seven groups of trials, sorted according to reaction time. The so ob-
tained seven data points for both physiological data and reaction
times for eachsubjectwere thenpooledacross subjects (intersubject
differences in variance andmeans in both, physiology and response
latency, being eliminated by the z-transformation) and correlation
and regression coefﬁcientswere computed across all data points. Fi-
nally, this correlation analysis was repeated while not splitting the
data according to stimulation condition, i.e. with the ‘‘visual” and
the ‘‘visuo-tactile” trials pooled.
3. Results
Subjects ﬁxated a point in the center of the screen. Small, full
contrast checkerboard patches were presented unpredictably in
the lower right or left quadrant and subjects pressed a button with
their left index ﬁnger as soon as they detected the stimulus onset.
Two tactile stimulators were mounted directly beneath the two
positions at which the checkerboards could appear. The right index
ﬁnger always rested on one of these two tactile stimulators, alter-
nating between the right and the left tactile stimulator across
blocks of trials. Tactile stimulation was given unpredictably on half
of the trials. This paradigm was designed in close analogy to the
work of Macaluso et al. (2002), but also differed in some respects
(see Section 4).
In order to characterize the neural responses to tactile stimuli
per se, we presented isolated tactile stimuli, of same duration
and strength, before and after the experiment.
3.1. Behavior
Adding a tactile stimulus to the visual stimulus signiﬁcantly
shortened the average response latencies from 279.1 to 238.1 ms,
i.e. by about 40 ms (t = 8.32; p < 0.0001). Additionally, the effect
of spatial congruency between visual and tactile stimulus was as-
sessed by an additional a priori t-test, which combined the condi-
tions visual-left + tactile-left and visual-right + tactile-right into
one congruent condition, and visual-left + tactile-right and visual-
right + tactile-left into one incongruent condition. Reaction times
did not differ signiﬁcantly between the congruent and the incon-
gruent condition (t = 0.16; p > 0.8) and this result held when the
analysis was run over the stimulation sides independently.
3.2. Analysis of neuronal responses – general approach
We analyzed the recorded magnetic ﬁelds both for components
time-locked to stimulation, i.e. event related ﬁelds, and for oscilla-
tory components induced by stimulation (with the evoked ﬁeld re-
moved), i.e. time–frequency power spectra.
Because neither the behavioral data nor the neuronal responses
revealed any statistically signiﬁcant effects of spatial congruency
between visual and tactile stimulus, we will in the following ignore
the location of the tactile stimulus and focus on the general effect
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stimulation.
We were primarily interested in the potential modulation of a
unimodal visual response by an accessory tactile stimulus. We
therefore focussed the analysis to MEG sensors located occipitally,
over visual cortex. In response to isolated tactile stimuli, those sen-
sors (using the planar gradient metric, giving a fairly local estimate
of brain activity) did not show any response – neither a deﬂection
in the evoked ﬁeld (Fig. 1C, black line), nor an enhancement of
power (see Fig. 3), i.e. there was no signiﬁcant (common) pick-up
of responses to tactile stimuli originating from somatosensory cor-
tex. This enabled us to directly compare the responses to isolated
visual and combined visuo-tactile stimulation.
MEG data are presented in the planar gradient metric, which
has the advantage that interindividual differences in dipolar orien-
tation do not lead to partial cancelation of the ﬁelds when grandav-
eraging. Furthermore, planar gradients provide a spatially focused
representation with a maximum above the underlying source
(Bastiaansen & Knösche, 2000).
3.3. Evoked ﬁelds
Analysis of the early evoked ﬁelds to isolated tactile stimuli re-
vealed the sequence of evoked ﬁelds with the same topography
that has been described in several previous studies (e.g. Bauer et
al., 2006; Braun et al., 2002; Simoes et al., 2001): Activation of
the contralateral primary somatosensory cortex (S1, peak time
around 55 ms) followed by ipsi- and contra-lateral secondary
somatosensory cortex (S2, peak time between approximately 80
and 100 ms, data not shown).visual
visuotactile
tactile
A
C D
B
Fig. 1. Evoked ﬁelds: (A) grandaverage planar gradient topography between 75 and
105 ms after stimulus onset (pooling conditions visual-left and visual-right); (B)
grandaverage LCMV-source-analysis for the visual condition between 75 and
105 ms after stimulus onset; (C) time-course of evoked ﬁelds of the parieto-
occipital peak in Fig. 1A. (red is the visuo-tactile condition, blue is the visual only
condition, black is the response to purely tactile stimuli) and (D) time-course of
paired-test (statistical difference between visuo-tactile and visual condition). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)Early evoked ﬁelds (75-105 ms) in response to isolated visual
stimuli were dominated by a medial occipital peak with two smal-
ler lateral extensions (see Fig. 1A). We performed a source analysis
using spatial ﬁlters (Van Veen et al., 1997) and found an activation
that extended from the cuneus (Brodmann area 18) to the pre-cu-
neus (Brodmann area 7), with a maximum in the parieto-occipital
sulcus (see Fig. 1B).
Accessory tactile stimulation enhanced this parieto-occipital vi-
sual evoked response, with a peak latency of the effect around
85 ms (Fig. 1C and D). A paired t-test (across subjects) on the mean
ERF amplitude between 75 and 105 ms after stimulus onset re-
vealed the statistical signiﬁcance of this effect (t = 3.39, p < 0.05,
see also Fig. 1D, for a samplewise t-test between the two condi-
tions). Importantly, this medial parieto-occipital source did not re-
spond to tactile stimuli per se (Fig. 1C, the black line). Since for
both, visual stimulation in the right and left hemiﬁelds, the max-
ima of the visual evoked response (as well as its tactile enhance-
ment) were located in the same sensors, we pooled across these
conditions.
3.4. Oscillatory responses to visual and tactile stimuli
Isolated visual stimulation resulted in an enhancement of
rhythmic activity between 50 and 150 Hz (i.e. the higher gamma-
band) in sensors covering large regions of occipital and occipito-
temporal cortex. This gamma-band activity had an onset of
approximately 100 ms in the visuo-tactile condition and approxi-
mately 150 ms in the visual condition (note that, due to the applied
window for frequency analysis, this cannot be determined exactly).
The peak gamma-band response occured around 150 ms after
stimulus onset for the visuo-tactile condition and between 200
and 250 ms for the visual condition, in sensors over visual cortex
(Fig. 2A and B). Since the evoked ﬁeld was subtracted from individ-
ual trials before frequency analysis, this activity is not phase-
locked to stimulus onset and therefore is commonly termed in-
duced gamma-band activity (e.g. Tallon-Baudry & Bertrand, 1999).
Analysis of the lower frequencies revealed that both visual and
tactile stimulation led to the well-known suppression of alpha-
and beta-activity (e.g. Pfurtscheller, Woertz, Müller, Wriessnegger,
& Pfurtscheller, 2002) over occipital and somatosensory cortex,
respectively (see Fig. 3).
Isolated tactile stimulation resulted in gamma-band activity
with a spectral peak at 60–100 Hz and rising before 100 ms after
stimulation. The topography was in good agreement with an ear-
lier study using the same approach (Bauer et al., 2006) and sug-
gested an origin in left primary somatosensory cortex,
contralateral to the site of stimulation (data not shown here). Iso-
lated tactile stimulation did not lead to any enhancement in power
in occipital sensors. If any perturbation of occipital activity was ob-
served, then a small tendency for suppression of all frequency
bands (see Fig. 4).
3.5. Tactile modulation of rhythmic activity in visual cortex
The most prominent effect of adding a tactile stimulus was an
enhancement of the early occipital gamma-band response.
Fig. 5A and B shows the respective comparison and reveals a strong
increase of activity between 80 and 200 ms after stimulus onset,
ranging from 40 to 120 Hz. A paired t-test (across subjects) on this
time–frequency window (as indicated in Fig. 5A) conﬁrmed the
statistical signiﬁcance of the cross-modal enhancement (t = 2.59,
p < 0.05 for all occipital sensors as marked in Fig. 2B and D;
t = 3.58; p < 0.001 for the selected sensors in Fig. 5B).
Note that while the comparison between combined visuo-tac-
tile and isolated visual stimulations naturally also partially reveals
the tactile induced gamma-band activity over somatosensory cor-
visual
visuotactile
Fig. 3. Low-frequency oscillatory activity; (A), (B) visual stimulation effect; (C), (D) visual + tactile stimulation effect. (A) Time–frequency-representation (TFR) of the spectral
perturbation induced by the visual stimulus in marked occipital sensors (as indicated in B). (B) Topography of alpha–beta-suppression as shown in A. (C) TFR of stimulation
effect by visual stimulus + tactile stimulus applied to right index ﬁnger. (D) Topography of alpha–beta-suppression as shown in C.
visual
visuotactile
Fig. 2. High-frequency oscillatory activity; (A), (B) visual stimulation effect; (C), (D) visual + tactile stimulation effect. (A) Time–frequency-representation (TFR) of the spectral
perturbation induced by the visual stimulus in marked occipital sensors (as indicated in B). (B) Topography of gamma-band-enhancement as shown in A. (C) TFR of
stimulation effect by visual stimulus + tactile stimulus applied to right index ﬁnger. (D) Topography of gamma-band-enhancement as shown in C.
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occipital cortex is clearly separated from the local maximum over
somatosensory cortex. Together with the fact that isolated tactile
stimulation did not show any gamma-band-enhancement (if any-
thing, a slight suppression, see Fig. 4) in these occipital sensors, this
is clear evidence that the cross-modal enhancement of gamma-
band activity is not due to (common) pick-up of activity from
sources in the somatosensory cortex.
Fig. 5B shows the corresponding analysis (combined visuo-tac-
tile vs. isolated visual) for the lower frequencies. The topography
reveals a slightly stronger suppression of alpha- and beta-activity
in sensors overlying right occipital cortex. This effect was weakerthan the modulation of the gamma-band activity, it did not reach
statistical signiﬁcance when all occipital sensors were chosen
(t = 0.81, p > 0.75) and just reached signiﬁcance when the test
was calculated for sensors where the effect was maximal
(t = 2.3, p < 0.05).
3.6. Effects of spatial congruency between visual and tactile stimuli
To investigate the effect of congruency on non-phase-locked re-
sponses, stimulus induced power for the congruent visuo-tactile
pair presented to the left was compared to the incongruent pair,
where the visual stimulus was presented to the left and the tactile
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Fig. 4. High-frequency oscillatory activity in the same sensors as chosen for Fig. 2
for responses to purely tactile stimulation.
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the right side from ﬁxation. The maximal difference of this com-
parison did not reach statistical signiﬁcance, neither when a bilat-
eral selection of sensors were chosen (t = 1.01, p > 0.35), nor when
only contralateral sensors were chosen (t = 0.65, p > 0.5). The corre-
sponding contrast was also calculated for the congruent/incongru-
ent pair presented to the right side of ﬁxation (t = 0.17, p > 0.8 for
bilateral selection, and t = 0.53, p > 0.6 for contralateral selection),
as well as for both of these conditions pooled to potentially en-
hance signal-to-noise-ratio (t = 0.86, p > 0.4). However, none of
these comparisons reached signiﬁcance, nor was there any clear ef-
fect visible in the time–frequency plot.
3.7. Correlation of physiological parameters with response latencies
The main behavioral effect of cross-modal integration in this
experiment was shortening of reaction times. In order to explore0 0.2 0.4
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Fig. 5. Multisensory-enhancement-effect. Result of the statistical comparison between
modulation in high-frequencies in sensors as marked in B; (B) topography of gamma
frequencies in sensors as marked in D and (D) topography of gamma-band-enhancementhe potential causal relevance of the observed multisensory effects,
we investigated which aspects of the neural response to stimuli
gave the best prediction for this effect. To this end, trials within
each condition (visual stimulation only and visuo-tactile stimula-
tion only) were split according to the median reaction time into
slow and fast response trials. The whole averaged spatio-temporal
matrices (or, for spectral analysis, the whole spatio–spectro-tem-
poral matrices) were then compared across subjects using paired
t-tests. Space-time–(frequency-) windows that revealed a cluster
of statistically signiﬁcant differences were then selected and subs-
amples of reaction time sorted data (binned according to reaction
times) were computed and correlated to the mean reaction times
(in order to enhance the signal-to-noise-ratio when compared to
single trial data, see Section 2 for details of the approach).
Comparison of slow response trials with fast trials in the time-
domain revealed primarily a stronger amplitude of the evoked ﬁeld
in sensors overlying motor areas contralateral to the response hand
(between 180 and 260 ms after stimulus onset, Fig. 6A, top and
middle row), as well as a minor difference in sensors ipsilateral
to the response hand (Fig. 6A, middle and bottom-row). The topo-
graphic pattern was similar for the visual and the visuo-tactile con-
ditions. The effects tended to be stronger in the visual condition.
The mean difference found for slow vs. fast trials in sensors over-
lying motor cortex was conﬁrmed as a negative linear correlation
between EF amplitude and reaction time for the motor areas (vi-
sual condition: r = 0.59, p < 0.001; visuo-tactile condition:
r = 0.4, p < 0.001), indicating that stronger amplitudes of this
component led to faster responses (Fig. 7B). The correlation for
the ipsilateral region was only signiﬁcant in the visual condition
(data not shown; visual: r = 0.37, p < 0.05; visuo-tactile:
r = 0.056, p > 0.7). The timing and spatial topography suggests
that this effect is directly related to the preparation and execution
of the motor-response. Surprisingly, no signiﬁcant effect was found
for the posterior parietal source that expressed a rather strong
modulation of amplitude by the presence of the tactile stimulus-2
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visual visuo-tactileicant correlation (Fig. 7A) (visual: r = 0.26, p > 0.05; visuo-tactile:
r = 0.13, p > 0.4).
When comparing non-phase-locked activity, as provided by the
power-spectral-density, between reaction time conditions, a
prominent cluster over inferior occipital sensors and in the high-
frequency-range was found (Fig. 6B). The time- and frequency-
range of this effect was highly similar to the visually induced
response and its cross-modal enhancement, i.e. it occurred
between 75 and 225 ms post-stimulus, and peak-times were about
50 ms earlier in the visuo-tactile condition than in the visual con-
dition. Correlation-analysis conﬁrmed that this component pre-
dicted response latencies on a trial-by-trial basis, separately for
both the isolated visual as well as the visuo-tactile condition
(Fig. 7C) (visual: r = 0.69, p < 0.001; visuo-tactile: r = 0.44,
p < 0.005).
The contrast between fast and slow trials furthermore revealed
diminished beta-power over extended regions overlying supple-
mentarymotor, premotor andmotor regions (Fig. 6C). Thedifference
was already present in the prestimulus-period (time-window
analyzed from 400 ms previous to stimulus onset) and extended
well into the post-stimulus period (until200 ms after stimulus on-
set), with the topography more focussed over contralateral motor
regions for the latter period (data not shown). Besides the change
in topography over time, there also seems to be a shift from beta
to alpha as time progressed from the stimulus onset. Correlation
analysis of the beta-power in a prestimulus window over sensors
marked in Fig. 6C (visual: r = 0.44, p < 0.005; visuo-tactile: r = 0.54,
p < 0.001) and of the post-stimulus window over sensors presum-
ably overlying contralateral M1 (visual: r = 0.57, p < 0.001;
visuo-tactile: r = 0.7, p < 0.001) revealed a strong positive linear
correlation of beta-power over an extended motor-network with
response latency.
Furthermore, the correlation of alpha- and beta-power in the
right occipito-temporal space-time–frequency-window, where
the cross-modal modulation was found, was investigated and a
just signiﬁcant correlation was found for the visual condition, but
not for the visuo-tactile condition (r = 0.31, p < 0.05 visual;
r = 0.056, p > 0.72 visuo-tactile).
In summary, over sensory regions, primarily the amplitude of
gamma-band activity showed a strong negative linear correlation
with response latencies, indicating that a stronger induced gam-
ma-response was associated with faster responses. Additionally,
evoked responses over motor areas also showed a strong correla-
tion with response latency. Furthermore, response latency ap-
peared to be substantially predetermined by the amplitude of
beta-oscillations in motor cortex already prior to stimulus onset
(Kühn et al., 2004; Klostermann et al., 2007).
The previous analyses investigated which physiological compo-
nents have an impact on response latencies on a single trial basis
within the same condition (visual or visuo-tactile) and are there-
fore candidates for processes causally determining the speed with
which sensory information is transmitted to motor structures.Fig. 6. Statistical comparison of fast vs. slow trials (separated by median split) – for
each condition separately. Left column: visual stimulation. Right column: visuo-
tactile stimulation. (A) Comparison for evoked activity: Top row: time-course of
t-values for the sensorsmarked in themiddle row in the left hemisphere.Middle row:
topographiesof the time-windowasmarked in the topandbottom-row.Bottom-row:
time-course of t-values for the sensors overmotor cortexmarked in themiddle row in
the right-hemisphere. (B) Comparison for high-frequency-induced activity in occip-
ital cortex: Top row: time–frequency-representation of the comparison (t-test) fast
vs. slow from sensors marked in the bottom-row. Bottom-row: topography of the
spectral pattern marked in the top row. (C) Comparison for low-frequency ongoing
activity over motor cortex: Top row: time–frequency-representation of the compar-
ison (t-test) fast vs. slow from sensors marked in the bottom-row. Bottom-row:
topography of the spectral pattern marked in the top row.
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Fig. 7. Correlation plots of different features of brain activity (y-axis) with reaction time (x-axis). The plots show normalized values from individual subjects that were
grouped in seven bins (for each condition separately), sorted according to response latency. The ﬁtted linear regression lines are shown for each condition (solid: visual,
dashed: visuo-tactile). The data points on the right of each ﬁgure are due to the typically tailed distribution of response latencies: (A) correlation of the mean amplitude from
70 to 100 ms from sensors over medial parieto-occipital cortex (see Fig. 1A); (B) correlation of the mean amplitude from 180 to 260 ms from sensors over right motor cortex
(see Fig. 6A); (C) correlation of the mean amplitude from 80 to 220 ms and 50–150 Hz from sensors over posterior occipital cortex (see Fig. 6B); (D) correlation of the mean
amplitude from 250 to 50 ms before stimulus onset and 20–30 Hz from medial and right-hemisphere sensors over motor areas (see Fig. 6C); (E) correlation of the mean
amplitude from 150 to 250 ms after stimulus onset and 10–20 Hz from sensors overlying right motor cortex (see Fig. 6A) and (F) correlation of the mean amplitude from 200
to 300 ms before stimulus onset and 10–20 Hz from sensors over right occipito-temporal areas (see Fig. 5D).
938 M. Bauer et al. / Vision Research 49 (2009) 931–942These analyses had been done separately for the visual and the vi-
suo-tactile stimulation conditions. They are therefore orthogonal
to the cross-modal comparison and the results are no trivial conse-quence of the faster reaction times observed for visuo-tactile stim-
ulation. In this task, tactile stimuli were given unpredictably and
without any relevance to the task (by instruction and, implicitly,
M. Bauer et al. / Vision Research 49 (2009) 931–942 939by task design, in that they carried no predictive information) and
yet caused a substantial decrease of reaction times, by, on average,
40 ms (or 15% of the response time for the visual condition). In or-
der to assess which (sensory) physiological components account
best for the total variance of the reaction time data (including the
cross-modal response facilitation), the same correlation analysis
was rerun with all trials from both stimulus conditions pooled.
Fig. 8 shows the correlation of response latencies with all (as sta-
tistically signiﬁcantly identiﬁed) neurophysiological cross-modal
modulation effects – across conditions. Fig. 8A shows a fairly
strong negative correlation of occipital gamma-band with response
latencies (r = 0.71, p < 0.0001), conﬁrming that gamma-band-
activity predicted on a single trial basis (within and across condi-
tions) faster responses. Occipital beta-activity (Fig. 8B) showed a
tendency for a (non-signiﬁcant) positive correlation (r = 0.24,
p > 0.1), indicating that higher beta-amplitude may go along with
slower responses. The evoked ﬁeld in medial posterior parietal
areas showed a non-signiﬁcant negative correlation with response
latencies across conditions (r = 0.15, p > 0.3). Notably, the sign of
(the non-signiﬁcant) correlation changed with respect to the corre-
lation within trials, due to the stronger responses of this compo-
nent for the generally faster visuo-tactile trials. In sum, of the
cross-modal effects observed here, gamma-band activity in visual
cortex showed the highest correlation with behavioral response
latencies, both, within conditions, as well as across stimulation
conditions.
4. Discussion
We investigated the electrophysiological correlates of multisen-
sory integration in a visuo-tactile sensorimotor task. The main
ﬁnding was that accessory tactile stimulation shortened reaction
times and strongly enhanced early induced gamma-band re-
sponses in visual cortex. The enhancement may have commenced
as early as 80 ms after stimulus onset and was maximal between
100 and 200 ms post-stimulus. This effect was similar in spatial,
spectral and temporal extent to the difference between fast and
slow behavioral response trials (both within and across condi-
tions). Furthermore, the amplitude of gamma-band activity in this
window explained a substantial part of the variance in the reaction
times (r = 0.71 for binned data pooled across stimulus condi-
tions). Tactile stimuli also lead to enhanced suppression of alpha-
and lower beta-activity in right temporo-occipital regions, as well-1.5 -1 -0.5 0 0.5 1 1.5 2
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Fig. 8. Correlation plots of features of occipital cortex activity that were modulated by tac
show normalized values from individual subjects that were grouped in seven bins (from a
shown: (A) correlation of the mean amplitude from 80 to 220 ms and 50–150 Hz from
amplitude from 200 to 300 ms before stimulus onset and 10–20 Hz from sensors over ri
from 70 to 100 ms from sensors over medial parieto-occipital cortex (see Fig. 1A).as to a substantial increase of an early evoked ﬁeld component (70-
100 ms) localized to posterior parietal cortex (including cuneus
and/or pre-cuneus). While both these effects were statistically sig-
niﬁcant, none of them explained nearly as much of the variance in
the reaction time data as the occipital gamma-band response. This
suggests that these components are less crucial for the shortening
of behavioral reaction times and hence the transmission of visual
information to motor structures.
4.1. Tactile modulation of oscillatory activity in visual cortex
Several previous studies investigated the effect of multisensory
integration on visually induced gamma-band activity (Bhattach-
arya, Shams, & Shimojo, 2002; Sakowitz, Quiroga, Schürmann, &
Basar, 2001; Senkowski, Talsma, Herrmann, & Woldorff, 2005).
All these studies combined visual with auditory stimuli, in contrast
to this study, which investigated the effect of tactile stimuli. Fur-
thermore, previous studies focused on stimulus-locked gamma-
band activity and/or did not analyze the source or sensor topogra-
phy of multimodal effects on gamma-band activity. Therefore, so
far, there has been no unequivocal evidence for a cross-modal
modulation of induced gamma-band activity over early sensory
areas (since none of them investigated the underlying source dis-
tribution or did a careful analysis of the topography of the effects).
Kaiser, Hertrich, Ackermann, Mathiak, and Lutzenberger (2005)
investigated the effect of congruent vs. incongruent lip-move-
ments and vowel-pairs (McGurk effect) and found altered gamma
oscillations over various cortical regions, including sensory brain
areas. However, they did not investigate the effect of a task-irrele-
vant heteromodal stimulus on the response of a sensory region to a
stimulus from its primary modality.
We can only speculate about the pathways and mechanisms
through which the tactile stimulus modulated visually induced
gamma-band activity. One possibility is direct projections from
somatosensory cortex to visual cortex. Recent studies demon-
strated direct input to early visual cortex from auditory cortex (Fal-
chier et al., 2002; Rockland & Ojima, 2003). However, similar direct
input from somatosensory cortex to visual cortex has so far not
been found (Cappe & Barone, 2005, for a review of the literature
see Driver & Noesselt, 2008). An alternative possibility is that the
modulation of visually induced activity is mediated by higher-level
multimodal areas feeding back into visual cortex (Driver & Spence,
2000). Yet another possibility could be an unspeciﬁc stronger acti-0 0.5 1 1.5 2 -1.5 -1 -0.5 0 0.5 1 1.5 2
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tile stimulation (y-axis) with reaction time (x-axis) – across all conditions. The plots
ll conditions), sorted according to response latency. Fitted linear regression lines are
sensors over posterior occipital cortex (see Fig. 6B); (B) correlation of the mean
ght occipito-temporal areas (see Fig. 5D) and (C) correlation of the mean amplitude
940 M. Bauer et al. / Vision Research 49 (2009) 931–942vation of (evtl. subcortical) areas involved in the control of vigi-
lance, such as, e.g. the reticular formation (Rodriguez, Kallenbach,
Singer, & Munk, 2004).
Also about the mechanisms at the cellular level, we can only
speculate. Excitatory input (as might be provided by either a het-
eromodal area, or a higher multisensory area in a feedback loop)
into a neuronal population may enhance the amplitude of gam-
ma-band oscillations and suppress alpha- and beta-oscillations
(e.g. Whittington, Traub, Kopell, Ermentrout, & Buhl, 2000). An
interesting ﬁnding is provided by Lakatos, Chen, O’Connell, Mills
and Schroeder (2007), who presented auditory stimuli to passively
listening monkeys, and found that activation of somatosensory re-
gions by electrical median nerve stimulation alters the phase of
ongoing oscillations in auditory cortex. The phase of ongoing theta
and gamma oscillations corresponded to maximal neuronal excit-
ability when somatosensory cortex contralateral to the recorded
auditory cortex was stimulated simultaneously to a sound played.
This lead to an enhanced amplitude of gamma oscillations in audi-
tory cortex in this condition.
4.2. Tactile enhancement of parieto-occipital evoked activity
Besides induced oscillatory activity, accessory tactile stimula-
tion enhanced the amplitude of an early evoked component in
parieto-occipital cortex by nearly 100%, while tactile stimuli alone
did not signiﬁcantly activate this source. A beamformer algorithm
localized its source to the cuneus and/or pre-cuneus. Several previ-
ous studies also suggest a role of this region in multisensory inte-
gration. Zangaladze et al. (1999) showed that a region with similar
location is activated in a tactile orientation discrimination task (but
not texture discrimination) and even provided evidence for its cau-
sal relevance in this task. Misaki, Matsumoto, and Miyauchi (2002)
have shown that the region around medial parieto-occipital cortex
is involved in coordinate transformations between the somatosen-
sory and visual modality. Bauer et al. (2006) showed late evoked
ﬁeld activity (>300 ms) with a similar topography in a tactile pat-
tern discrimination task. Rizzolatti et al. (1996) has described this
region to be involved in the visual guidance of reaching/pointing
movements. While this suggests a role of this area in the transmis-
sion of visual information into a motor-response, to our surprise,
we did not ﬁnd a signiﬁcant correlation of this activity to behav-
ioral response latency.
4.3. Prediction of response latencies by physiological parameters
Several previous studies have investigated the neurophysiologi-
cal processes that determine behavioral response latencies. Jokeit
and Makeig (1994) compared slowly and fast responding subjects
(in a visuomotor task) and found that fast responding subjects
had a stronger induced gamma-band response around 200 ms after
stimulus onset, which is consistent with the effect we found. Two
recent studies demonstrated a relation between gamma-band
activity and reaction times on a trial-by-trial basis. Gonzalez Andi-
no, Michel, Thut, Landis, and Grave de Peralta (2005) found that
anticipatory gamma-band activity in a fronto-parietal network
predicted response times in a visual task. Womelsdorf, Fries, Mitra,
and Desimone (2006) showed that gamma-band synchrony in vi-
sual cortex predicted response latencies in a speed-change detec-
tion task (prior to behaviorally relevant speed-change). Both of
those trial-by-trial predictions focused on the gamma-band activ-
ity preceding the stimulus or stimulus change that actually trig-
gered the behavioral response. By contrast, the present study
focuses on the early stimulus induced gamma-band activity and
conﬁrms the relation between gamma-band activity and reaction
times for this case. This strongly suggests that oscillatory syn-
chrony in the high-frequency-range is instrumental for the trans-mission of neural activity to downstream areas (Fries, 2005;
Salinas & Sejnowski, 2001).
Importantly, in this study, we show a signiﬁcant prediction of
behavioral response latencies by gamma-band-activity both within
stimulation conditions and after pooling over stimulation condi-
tions: Tactile stimulation shortened reaction times and enhanced
gamma-band activity, leading to a substantial correlation of gam-
ma-activity with response latencies across conditions. It is note-
worthy that the trial-by-trial correlation between physiological
responses and reaction times were often smaller under visuo-tac-
tile stimulation compared to visual stimulation. This may be due
to a saturation effect, since reaction times in the visuo-tactile con-
dition were usually very fast.
In addition, we found that both evoked and non-phaselocked
activity (in the beta-band) over motor areas predicted response
times. This is as such not surprising, however, the fact that ongoing
beta-oscillations in the prestimulus-period in a widespread cortical
motor-network had a substantial predictive power for later re-
sponse latencies, supports theories about the impact of ongoing
activity on information processing and routing of neural activity
(Arieli, Sterkin, Grinvald, & Aertsen, 1996; Fries, Neuenschwander,
Engel, Goebel, & Singer, 2001; Engel, Fries, & Singer, 2001) and
speaks to the relevance of beta-oscillations for motor functions
(Brovelli et al., 2004; Gross et al., 2005; Klostermann et al., 2007;
Kühn et al., 2004). The precise mechanisms, and, in particular,
the relevance of synchrony between these areas of the cortical mo-
tor-network require careful further investigation that goes beyond
the scope of this paper.
4.4. Spatial stimulus congruency
Contrary to what we had expected, all these effects (behavioral
and physiological) were independent of the relative positions of
the visual and the tactile stimulus. Thus, in this experiment, mul-
tisensory enhancement of activity in visual cortex was indepen-
dent of the spatial alignment of the visual and tactile stimulus.
Since this study was designed to closely follow the study of Maca-
luso et al. (2002), we will ﬁrst discuss the observed discrepancy to
their ﬁndings. Macaluso reported that the fMRI BOLD response in
extrastriate visual cortex around the fusiform gyrus was enhanced
when a tactile stimulus was provided adjacent to a visual stimulus
as compared to when it was not adjacent. There are several impor-
tant differences between our experiment and their study:
(1) Macaluso et al. used visual ﬂicker and tactile vibration stim-
uli, while we used stationary stimuli in order to avoid
entrainment of brain activity to externally oppressed
rhythms.
(2) While Macaluso et al. manipulated spatial correspondence
by changing subjects’ gaze direction, we manipulated the
position of the index ﬁnger.
(3) We measured MEG, whereas Macaluso et al. measured the
fMRI BOLD response.
(4) Macaluso restricted the analysis of multimodal spatial corre-
spondence to voxels showing a main effect of retinal hemi-
ﬁeld for the visual target.
Any of these differences might explain the observed discrep-
ancy. Nevertheless, besides the more technical differences between
our study and the one of Macaluso, as pointed out above, several
authors have also reported multisensory effects independent of
spatial alignment (Murray et al., 2005; Teder-Sälejärvi et al.,
2005), suggesting that spatial remapping between different modal-
ities may not always necessarily occur. It should further be empha-
sized here, that in our task, spatial stimulus congruency was
completely irrelevant for successfully performing the task and gi-
M. Bauer et al. / Vision Research 49 (2009) 931–942 941ven the easiness of the task, subjects may often have responded be-
fore the stimuli reached full perceptual awareness.
To conclude, the present study shows that a task-irrelevant tac-
tile stimulus facilitates processing of visual input in that behavioral
responses to the onset of visual stimuli given under speed condi-
tions are substantially accelerated. The candidate mechanism for
this behavioral facilitation seems to be a very early enhancement
of local non-stimulus-locked activity in the gamma-band. While
tactile stimulation altered additional response properties of visual
cortex to visual stimulation, these show substantially less correla-
tion with the functional consequences of multisensory integration
in this experiment. This is indicative of a prominent role of syn-
chronized oscillatory activity in multisensory integration.Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.visres.2009.03.014.
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